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PREFACE

This report was prepared by the University of Oklahoma Research Institute
under U. S. Army Transportation Research Command (USATRECOM) Contract DA
L4_177-AMC-87(T). The report contains the test results, conclusions, and
recommendations for research conducted during the period June 10, 1963, to
February 29, 1964 in the field of fiberglass-reinforced sandwich structure
for aircraft use.

The research program was directed by Dr. Gene M. Nordby, Dean of the
College of Engineering at the University of Oklahoma. Mr. Joseph V. Noyes
and Mr. W. C. Crisman were the principal research engineers. The research
staff consisted of Mr. Donald Hanson, statistician; Mr. Terrell B. Warren,
test engineer; Mr. Jim Morrison, machinist; and Mr. Cleon Reed, laboratory
technician.

The University of Oklahoma Research Institute expresses appreciation to
the J. P. Stevens Company for a sample of 181 high temsile strength (HTS)
finish fiberglass fabric, the laminate properties of which are tabulated
in Table 19 of this report, and to the Shell Chemical Company for their
advice and assistance pertaining to the use of EPON 828-Z resin.
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SUMMARY

The research covered in this report involves investigation of the effects
of raw materials usage and fabrication process variables on the final
strength properties of fiberglass-reinforced plastic (FRP) sandwich
structure suitable for use as a primary airframe structural material. The
program encompassed the two types of sandwich fabrication used industrially,
the one-step process method and the method whereby pre-laminated faclings
are bonded to the core in a separate step. The materials chosen for study
were the promising Volan A finished 181 fiberglass fabric and EPON 828
epoxy resin activated by curing agent Z. Thin, 3-ply facings of these
materials used in conjunction with honeycomb cores were the basic elements
of the structural sandwich,

In detail, the scope of the program included determining the effect of
curing time, pressure, and temperature as well as lay-up method on the
basic strength properties of the sandwich. Following the premise that

the best bonded type sandwich would be the combination of the facings
cured under the optimum conditions (as for the entire single-step type
sandwich) and the optimum adhesive system and cure for a given core
material, the facings and their bonding to the core were investigeted
separately. Advice from the literature and from the manufacturers of

the constituent materials was considered carefully in establishing the
levels of the fabrication process variables to be studied, to insure that
data would be obtained within the optimum range. Where possible, standard
test specifications were followed to assess the performance of the materials
and processes,

The results of the research program include the isolation of the optimum
conditions of fabrication; the expected strength values for these optimum
fabrication conditions; the best lay-up method; and the performance of
several adhesive system-core material combinations with optimum con-
ditions of cure for each. Among the many by-products of the research
effort is a multi-ply coating machine which is capable of impregnating
several layers of fabric simultaneously.



CONCIAJSIONS

The 1 jor conclusions drawn from the research re as follows:

l.

The initi«l resin content of the facings of sandwich materinl
nd the uniformity ':nd extent of volds in the impregnntion
have -in important effect on its final strength properties.
Thic is especially true when the facings nre thin. The
effect is ulso ussocinted with the flow thnt takes place
during the resin cure cycle.

The mechanical conting process produces more controllable
ond uniform resin impregnations of fiberglass fabric laminations
than the hand squeegee method.

For the vacuum tlanket technique of applying pressure to EPON
828-2 epoxy resin impregnations, 20 inches of mercury is a

safe lower vacuum pressure to prevent resin bubbling within the
160- to 200-degree F:hrenheit temperature range.

Room temperature B-staged lay-ups of 8282-181 Volan A laminations
are more convenient to work with and can be expected, in most
cases, to produce slightly higher strengths.

Post-cure time between one and three hours at 300 degrees
Fahrenheit, for the pre-cure and mold (cure) conditions

investigated, does not have a major influence on the room
temperature strength properties developed from resin cure.

Within the levels of cure pressure, temperature, and time
examined in this project (10-70 psi, 160-230°F, and 60-90
minutes), the optimum strength properties and their specific
cure conditions are as given in Tables 2 and 3.

For the 60-minute cure time, within the range of post-cure
times investigated (1 to 3 hours), higher molding pressures
and temperatures are required to develop strength properties
camparable to those obtained for 90 minutes' cure during the
mold phase of fabricaticn.



8.

10.

ll.

A serious condition of resin starvation on the upper facing
can be expected when the wet lay-up of the facings 1s used
directly in the fabrication of sandwich by the single-step
method. This condition is not nearly so scvere when the 10-
hour room temperature B-staged lay-up is used.

Of the three adhesives studied, the Armstrong A-12 produces

the strongest core-to-facing bond on 20 percent phenolic-
impregnated kraft paper honeycomb core; the EPON 828-Z epoxy
resin and the Scotchweld AF-110B produce the strongest bond on
20 percent phenolic-impregnated HRP fiberglass honeycomb core;
and the AF-110B produces the strongest bond cn aluminum honeycomb
core.

The separately bonded-type sandwich material investigated can
be expected to develop a maximum of 30 percent higher compreszive
strength than the single-step-type sandwich.

The optimum conditions of fabrication for tensile and compressive
properties are not the same; hence further testing is required
to establish flexural optimum strength properties.



RECOMMENDATIONS

On the basis of the investigations made in this research program, it
is recommended that:

1.

Further research be conducted to determine the effect of resin
content on the fincl strength properties of FRP laminates, to
include the effect of air voids in the pre-preg.

The multi-ply coating machine be further developed to determine
a means of minimizing or eliminating the occurrence of air voids
in the pre-preg output.

For FRP sandwich or laminates employing EPON 828 epoxy resin
activated with curing agent Z and 181 Volan A finished fiber-
glass fabric, when fabricated within the envelope of conditions
used in this project (cure time: 60-90 minutes; cure pressure:
13-70 psi; cure temperature: 160-230°F; and post-cure time at
3000F: 1-3 hours), the following conditions be utilized to
achieve optimum or peak values, as be the case, of the desired
strength properties: 1) pre-cure according to the scheme of
dwelling to within 7 minutes of the gel point of the resin
(Figure 1) or, allowing one minute for hezt-up to mold temperature,
when the gel time is less than T minutes; 2) cure in the mold
phase at 90 minutes according to the conditions of temperature
and pressure given in Table 2 or 3; 3) and post-cure between

1 and 3 hours at 300°F. Use of the B-staged method of lay-up
is recommended when handling ease is a criterion.

Armstrong A-12 adhesive be used to effect the core-to-facing
bond of phenolic-impregnated kraft paper core to FRP facings

of 828-Z epoxy resin and fiberglass fabric, that either EPON
828-Z epoxy facing resin or Scotchweld AF-110B adhesive be used
to effect this bond on phenolic imprernated fiberglass core,
and that AF-110B be used for the bond on aluminum core.

Research be done in the area of the single-step method of
fabricating sandwich to minimize or eliminate the resin flow
from the upper to the lower facing. Optimizing this method

of sandwich fabrication is considered important in that for
the molding of curved surfaces the inexpensiveness, simplicity,
and speed of fabrication of the single-step method may far
outweigh the increase in strength gained in the sometimes
difficult prelaminating of the inner and outer facings required
for the bonded sandwich. The investigation of techniques
required to mold sandwich into compound curvatures should be
included in this research effort.

Flexural tests be performed to expand the results of this
research program.




DISCUSSION

INTRODUCTION

A knowledge of the manner in which the strength properties of u material
vary with changes in the basic fabrication process is necessary before

it can be accepted as a primary structural element. This is particularly
true of fibergless-reinforced plastic (FRP) materials becuuse of the

large number of fabrication process varlables and the sensitivity of the
material properties to each of these variables. The goal of the research
program presented in this report was to contribute to this body of knowledge
in the realm of FRP sandwich materials for aircraft structural use.

The principal materials used were hexagonal-ce’? honeycomb core, electrical
(E) glass 181-weave Volan A-finished fiberglas. .bric, EPON 828 epoxy
resin, and curing agent Z. Limited data werr »>tuined for HTS finish 181
fiberglass fabric.l Consideration was givern .o both the separately

bonded and single-step fabricated thin facing sandwich. A program was
cornducted to detect the relation between the curing cycle variables and
the mechanical properties of FRP facing sandwich fabricated by the single-
step process and of bare FRP facings pre-laminated for use in the separately
bonded-type sandwich. The program was carried out for the wet and the
B-staged type of lay-up. For the separately bonded-type sandwich, an
adhesive study was performed to indicate optimum bonding conditions for
suitable adhesives and core materials. All testing was done at room
temperature.

PROGRAM ANALYSIS AND DESIGN

To study the relation between the resin curing cycle variables and final
strength properties of the FRP materials, and hopefully to locate the
optimus, a rather large statistically designed experiment was planned

for wet and B-staged lay-ups. Though it was realized that no one area
could be studied intensely because of the time and expense involved,
valuable trends were expected to be established along with areas suitable
for more detailed examination. Duplication or replication was not planned
becuase experimental error 1is not usually uniform across a program of this
magnitude. The literature (reference 1) indicates that higher order inter-
actions are quite acceptable as approximations of experimental error
necessary to perform an analysis of variance. The exact lay-out of the
program is displayed by Tables 5 and 12. Each variable and the ranges

to be examined were given careful consideration.

First it should be mentioned that the total curing cycle associated with

the production of FRP can be separated into three sub-cycles: pre-cure,
mold, and heat treatment, often called afterbake or post-cure. The pre-cure

lrable 19



period allows time for the material to be brought up to the desired mold
temperature. The mold portion of the cure cycle serves to compact the
material and to establish its shape. Post-cure at an elevated temperature
effects further cross-linking of the epoxy molecule thus to improve the
mechanical properties.

With these preliminaries in mind the variables can be discussed in detail,
In refercnce 2, an interaction was noted between pressure and temperature
during the mold phase. To minimize this, the usual pre-cure phase of

Just heat-up to mold temperaturc was modified 2t the low cure temperatures.
Here the pre-cure used was the systematic procedure of heat-up to mold
temperature plus dwell to within 7 minutes of gel point (determined by
inspection). At the higher temperatures where the gel time was less

than 7 r‘nutes, one minute for heat-up was allowed.

In setting the specific values of the molding variables, effort was made
to bracket those suggested by the manufacturer. Thus, 160, 180, 200, and
230 degrees Fahrenheit werc the temperatures selected. Initially for the
single-step sandwich panels the recommended value of 90 minutes was
accepted for the mold time; however, as the program progressed and the
luminate study began, a second time value of 60 minutes was used also.
The object was to obtain an indication of the optimum value, which was
anticipnted to give less interaction between the mold phase and the post-
cure. The molding pressures first chosen for the single-step panels were
13 and 30 psi, the usual vacuum blanket technique being used for the low
pressure (in that this is common practice) and a gydraulic press for the
high pressure. Because of a resin vaporization problem encountered early
in the single-step work, the 13-psi pressure was changed to 10 psi. All
of the laminate fabrication was scheduled on the hydraulic press at three
pressures--13, 30, and 7O psi.

For the post-cure phase, only the time was permitted to vary. At the
recommended 300 degrees Fahrenheit, 2- and 3-hour periods were used for
the single-step panels and 1, 2, and 3 hours for the laminates. Thus

the fabrication conditions, at most, cncompassed 3 post-cure times at each
of 3 cure pressures under each of 4 cure temperatures for 2 cure times in
each case.

It was believed that the best separately bonded type of sandwich could be
obtained through separate optimization of the facings and the core-to-facing
adhesive system. To this end the facings were studied along with the
single-step sandwich as previously outlined. The adhesive program was
designed to investigate the performance of three commercially available
andhesives on paper, fiberglass, and aluminum honeycomb cores for an
appropriate range of bonding conditions. The three basic epoxide adhesives
to be used were: 3M Company's EC-1595, a single-component thixotropic
paste; Armstrong Resin Compuny's A-12, a two-component thixotropic paste;
and 3M Company's AF-110B, a B-staged supported film,



Time and tcmperatur~e were believed to be the critical core-to-facing bond
variables; therefore, only the pressure deemed sufficient to hold the

parts ‘n position and insure full contact was applied during the bond cure.
For ecach adhesive, the ranges of time and temperature were chosen so as

to bracket the manufacturer's suggested values. Table 20 serves to display
the adhesive program in detail. The bonding of paper core with AF-110B

and EC-1595 was not scheduled because of the high temperatures involved.
The single-step sandwich core-to-facing bond strength data was chosen to
show the adhesive qualities of the basic resin system,

The performance of the materials fabricated according to these programs
would be determined by the strength properties developed by standard test
specimens, Should no standards be available, a suitable specimen would

be developed., Edgewise compression along the paralleled core-ribbon and
fabric-warp direction was the test planned for the evaluation of the
single-step fabricated sandwich., Six specimens for this test were desired
from cach panel., Plate shear tests would also be conducted for each panel
and three specimens were desired for both the perpendicular and parallel-
to-core ribbon directions, Both compression and tension parallel-to-warp
were planned for the laminates. Twenty-four specimens were desired from
each of the three postcure time slices cut from each molding. The flatwise
tension test was scheduled for evaluation of the bonds with seven specimens
desired from each sandwich panel. In conjunction with the testing, it was
planned to monitor the resin content of each fabrication conditicn.

FABRICATION PROCESSES

As mentioned previously, 181 Volan A finish fiberglass fabric was used
exclusively in this research program. Further, only 3-ply facings of
nominal thickness 0,030 were used. The predominate core used was “"Aircomb”
type 125-35-20 phenolic -impregnated paper of 3/L-inch thickness and 0.L2-
inch cell size. Any deviation from this core is shown with the associated
experimental data.

The very promising structural resin, EPON 828 epoxy activated by curing
agent Z was also used throughout the program. The mixing ratio used was
20 parts curing agent to 100 parts resin by weight., To insure complete
mixing of the high viscosity room temperature resin with the normally
crystallized curing agent, the resin was first heated to 120 degrees
Fahrenheit and the curing agent to 150 degrees., The materials were then
quickly mixed and put to use, Rapid and complete impregnation of the
glass fabric was obtained, and the rapid cooling of the resin applied

over the wide expanse of the fabric permitted good quality room temperature
B-staging.



Bel'ore fabrication could be initiated, it wa®e ne:essary to establish the
relation between temperature and gel-point time for several degrees of
room temperature B-staging. This was done by inspection. Twelve-inch-
square, 3-ply patches saturated with resin were placed on a heated press
platen, covered with a felt insulation blanket, and probed periodically
with a small wooden stick until the resin string pulled out would break
at 2- or 3-inch lengths. For euch temperature and state of B-staging,
the time between heat application and resin string break was the desired
time value. Figure 1 is a plot of the data thus obtained.

Fabri:ation effort started with the single-step sandwich panels. The
dimensions of the panels made at low pressure on the vacuum press were
38 by 15 inches, and the dimensions of the panels made on the hydraulic
press were 28 by 22 inches. In the beginning, the fiberglass fabric was
impregnated by a hand-operated coating machine which drew a continuous
single ply of fabric through a resin vat and onto a take-up roll. As
needed, the single ply of fabric was cut and removed from this roll and
successively stacked on a l/32-inch-thick aluminum caul to obtain the
desired facing thickness. The caul was then placed on the heated press
platen set at cure temperature; a polyethylene film was stretched across
the wet laminate; and for approximately 3 minutes, the excess resin was
hand-squeegeed out of the wet laminate so that the appearance of a uniform
distribution of resin was obtained.

The caul was then removed fram the platen and set aside until another wet
laminate could be prepared and squeegeed to provide the opposite facing

of the sandwich panel. Upon completion of both wet facing lay-ups, they
were either used directly or allowed to cool and B-stage at room temperature.
When ready for use, the polyethylene cover film was stripped off of each,
and one of the cauls with a laminate was inserted in the open press (vacuum
or hydraulicl) vhich was preset at the desired curing temperature. A pre-
cut slice of "Aircomb" core material was then placed on top of this lower
facing so that the core ribbon paralleled the fabric warp. The second caul
and laminate were then inverted and placed on top of the core slice with
the laminate against the core. The press was then closed and the pre-

cure cycle timed from closure. The actual pre-cure duration used was

the planned gel-point time minus 7 minutes furtber diminished by the

time on the heated press platen during the squeegee operation. Upon
completion of the pre-cure phase, the curing pressure was applied. Then
after the completion of the mold phase, the panels were removed (cut in
half if vacuum molded) and placed in an electrically heated air recircu-
lating post-curing oven at 300 degrees Fahrenheit for the planned post-cure
durations. These panels or half panels were cut into the desired number

of specimens vhich were then prepared for testing.

lpress equipment is described in Appendix I.
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It bee me cpp rent th-t the hond squecgee technique would not produce

p .neclc of uniform or predict:ble resin content  Alco, sm:ll  ir pockets
which woere tropped between nlies during sticking of the wet f-bric proved
ver;: dilficult to rerove by h ndworking. Consejuently, :« multi-ply conting
= chine was constructed which could cimultqneousl; impregn te - number of
plies of Tibergl.cs {bric 'nd perform this operiation with - controll:ble
nd reproducible resin content  The michine ir deseribed in Appendix I
The impregn: tions produced on the michine were 3-ply of 1¢0-inch length
‘nd Ll-inch width. The mchinc output, whether wet or room temper iture
B-st ged., wa: cut up -nd pliced in cold storage (OF) for later usc s
necded--usu 11y within 10 days The ~ir voids present in the hnd 1 -ups
were :lso present in the machine pre-preg but to . much lesser degree.

F .bric tion of the linminates was begun - fter the developrment of the coting
r- chine. The rmoldiny size used for the l-uin:tes was 20 by 20 inches. A
pr- cut p-tch of the uncured l'minite (in cither the initi-11, wet or B-

st :ged condition) was removel from the freezer unit and nllowed to warm

up to rocr terper:ture (:bout 29 to 30 minutes) before the polyeth,lene
cover films were removed. It was then pluced between two ~luminum cruls
vhich had been coited with © thinned solution of silicone purting r.gent
(Dow-Corning DC-T). Of course the silicone could not be used h:d bonding
of the l'minates to cores or test fixtures been rnticipited (in this cnse
Teflon c .uls were used). The chuls with impregnute were then placed in the
nydr-ulic press :nd the pre-cure period timed from closure of the upper
platen 'guinst the cheets. The pre-cure nnd mold phises p.rallel those
discucsed previously for the single-step pwnels. After completion of the
nress phise, the cured l:iuminnte was removed nnd cut into three equal pieces.
Ech of these pieces was pluced in the post-curing oven simultancously.

nd then removed, in order, -fter the el.upse of the specified l-hour, 2-
hour, nd 3-hour post-cure periods. nch of the three strips was then cut
into the desired number of tension and compression specimens and ground to
finnl width and length dimensions.

F.ubric:tion of the sandwich pinels for the zdhesive system study was
accomplished 1fter the staff had consideruble experience with the single-
step sandwich 'ind the l-minntes. The facings used for the bonded sandwiches
were 3-ply impregnations laminated wt 200 degrees Frhrenheit and 50 psi

for vO minutes with no post-cure. Their dimensions were 6.9 by 8.9 inches.
The three cores were "Aircomb"” type 125-35-20 phenolic-impregnated paper,
HRP type GF-11 phenolic-impregnated fiberglass. znd 5092 aluminur alloy
with the dimensions listed in Tuble 20. As previously discussed the
adhesives tested were EC-19595, A-12, und AF-110B.

After the fucings were nroduced, they were lightly sanded on the bonding
side, degrensed with Acetone nnd air dried in a 1950-degree F:hrenheit

recirculating air oven. The piste udhesive systems were then applied to
the facings by » 3-inch-1long notched-edge scraper (8 notches per inch at
3/oli-inch depth) and the film supported :dhesive, by cutting the desired
size nnd placing it on the facings. For each bonding run, a set of four
sundwich specimens utilizing the sume core material and adhesive system
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was placed on aluminum cauls and inserted in the press. Pressure was set
at an equivclent 10 psi on each sandwich panel, and the bonding duration
was timed from the closure of the press. Individual specimens were then
removed from the press after the elapse of each of the four time periods
(see Table 20). The panels were then cut into l-inch-square specimens for
the flatwise tension testing.

TEST SPECIMEN PREPARATION

The single-step fabricated sandwich was prepared for edgewise compression
testing according to MIL-STD-LO1A. Test specimens were cut to k- by L-
inch nominal dimensions from the large s=zndwich pznels. The cutting wes
performed by a high-speed abrasive circular saw so as to minimize tearing
of the FRP facings and the core-to-facing bond. The lozded ends of the
specimens were locally reinforced by potting them with polyester resin
which had been filled with 30 percent by weight of high-strength molding
plaster. The cpecimens were then fastened in the vise of a2 Cincinnati

No. 2 tool grinding machine and the reinforced ends were ground flat and
parallel with each other znd 90 degrees to the plane of the facings. A
No. 53 drill turning at 4800 rpm was used to drill gage-length holes in
both facings of half the specimens tested from each fabrication condition.
These holes served to mount and locate the gage points of the sandwich
panel compressometer shown in Figure 4. All edgewise compression specimens
were loaded along the paralleled core-ribbon and facing-warp direction.

Single-step sandwich plate shcar specimens were cut to the 2-inch by 6-
inch nominal size according to MIL-STD-L4LO1A. Specimens were cut from

each panel fabricated in both the perpendicular and parallel to core
ribbon direction. The 5/8-inch-thick steel plates were bonded to each
facing of the specimens for the plate shear test. The plates were
prepared for bonding by being thoroughly stripped of any prior glue film,
then washed and lightly sandblasted in the bonding area: Care was taken
not to touch the sandblasted area prior to glue application. EPON 6 was
the adhesive used and was applied with a notched scraper. The shear speci-
men was positioned between the plates such that the line of action of the
test load would pass through diagonally opposite corners. The plates and
specimens were then placed in a 175-degree Fahrenheit oven for 2 hours to
cure the adhesive fully. The bonded plates and specimen were then removed
from the oven, cooled, and placed in the loading grips for testing as
shown in Figure T.

The facing-to-core bond test specimens (whether the basic resin or a
separate adhesive effected the bond) were also prepared according to MIL-
STD-401A. Specimens of dimensions 1 by 1 inch were cut from each panel
fabricated and tested in flatwise tension. The facing surfaces of the
specimens were lightly sanded and degreased with acetone. The specimens
were then bonded to l-inch-square aluminum blocks with EPON 6 adhesive,
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the surfice of the blocks being prepured for bonding in the sare monner
ns the shenr plates. The bonding cure w:s :1lgso c rried out identic 1l..
Figure 14 shows the bonded blocks ad specimen insttlled in the testing
m:.chine.

Becnuse of the smi:ll thickness of the FRP liminntes tested in this pro-
gram it was necesscary to design o cpeciul thin-cheet-type comprescsion
fixture (Figure 9) /nd to size the compression specimens precisely to

fit this fixture. The sizing of the tension specierns wn:s not guite so
criticul, but a certiin mount of experimentation wus still required to
produce consistent test results in spite of the churacteristically brittle
n: ture of the laminated muterial.

The thin compression specimens were originally m:chined s shown by A in
Figure 2. Invariably this configur:tion fractured in o region close to
where the faired radii met the striight reduced section, thus m:iking
accurate measurement of the fi:iled cross-section are: virtuclly impossible.
Considering the relative brittle noture of the material which precludes
the relief of stress concentration, the occurrence of this behuvior is
not altogether surprising. Straight-sided specimens were therefore
produced which failed «t the various locations shown in B, C, ind D of
Figure 2, n2ll within the test fixture supported length of the specimen.
Thus, accurate measurements of the cross section area could be made
regurdless of where the specimen fractured. The exact dimensions of the
final configuration were 0.75 x 3.675 inches for the ultimuate stress test
and 1.0 x 3.675 inches for the modulus test. The specimens were cut with
a large sheet-metal shear nnd dressed to the desired dimensions on the
previously menticned grinder.

As shown in Figure 3, the thin tension specimens were originally shaped

as for sheet metuls. OSimilar to the behavior of the above-mentioned
compression specimen, the shuped tension specimens failed at the point of
tangency of the fairing radii. Efforts to alleviate the problem by
reducing the areu reduction ratio as at B and C of Figure 3 proved to be
fruitless. Finally, the configuration D was urrived at 2s producing
consistent breakage results. This was accomplished by grinding the speci-
mens straight sided and very slightly influencing the center of the speci-
men with a 0.007-inch notch on each side as shown by the pointers in D of
Figure 3. This influence precluded the occurrence of specimen {aillure

in the testing grips and also forced fracture of the specimen inside the
gage length of the strain extensometer. The notching was done by a %-inch-
diameter, high-speed carbide router and was controlled to within + 0.0005
inch between specimens. Ultimate stress and modulus values were thus
calculated based on the width of the slightly reduced section, which was
measured on each specimen with a tapered-anvil micrometer. The final
dimensions established for the specimens were 0.75 and 9 inches. The ten-
sion specimens were cut and ground to size as were the compression specimens.
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Figure 2. Laminate Compression Specimens: A, specimen shape initially evaluated;
B,C,D,E, straight-sided specimens which were used throughout the test program
showing various points of failure that occurred within the fixture grips.
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Figure 3. Laminate Tensile Test Specimens: A,B,C, various
shaped specimens initially evaluated in the tensile testing
program; D, straight-sided specimen with 0.007-inch side

influences (8ece pointers) which was used throughout the
test program.
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E PrRIDVMINTAL PROCEDURE

The procedures used during the testing phase of the resecarch progrim c:n
best be presented under the four headings of resin content, single-step
sandwich, bare l'minates. and core-to-facing bond.

1.

Resin Content

Though not of major concern durinz this research progr-a, the
resin content of the lamin-ted facings for each fabrication
condition was considered important. Samplings were made of
both the bare laminates and the facings of the single-step
sandwich. The ratio of the resin to the total weight of the
specimen expressed in percent was the measurement used. For
the case of the single-step sandwich facings this was modified
as follows:

For resin content mcasurement a 2-inch square was cut from ench
of the L-inch-square single-step sandwich specimens tested to
failure as pictured in Figurc ©. The facings were stripped

from the cores of these small squares and the excess core
remnants removed with a sharp knife. Each facing wen then
measured to the nearest 0.0l inch and weighed to the nearest
0.01 gram. The weight of the glass in the measured are:-,
calculated from density, was subtracted from the total weight of
the facing sample and the result divided by the total weight to
obtain a resin content index. The term index is used because of
the inaccuracy produced by the loss of resin that adhered to

the end of the core. The values of each set of specimens

were averaged to obtain the resin content index for each
fabrication condition.

The resin content (RC) of the bare liminates under ench fabrication
condition was obtained using the follcwing formul::

RC=(W-3dwLlL)x 100

W
vhere
W 1s the average specimen weight
d 1s the fabric density accurately determined by measurement
w 1s the average specimen width
L 1s the average specimen length

The specimen weight (W) was obtained by weighing the entire group
of specimens (to 0.01 gram) for each fabrication condition and
dividing by the number of specimens. Average specimen length

and width measurements were obtained by measurement of s random
sampling of each group of specimens with a caliper.



Single-Ctep S:ndwich

Edgewise compression ultimate strength and modulus were taken
as the criterin for evalu:tion of the single-step fabricated
sandwich materinl.  The specimens cut to a nomin:l 4- by 4-inch
dimension were nccurately mensured to within 0.01 inch before
testing. TFor the c-lcul-.tion of stress .rea the lengths (a)

of the two lcaded cdges were wveraged. Likewise, the specimen
g.ge length used in the computation of strain was the average
for both facings. The facing thicknesses (t) were taken as
three times the average fuabric thickness (0.01) :nd the strecs

arc: (A) calculated by 4 =2 a t.

The test procedure followed closel; that reccmmended in MIL-
STD-LOLA. The tests were made on a Tinius-Olsen testing machine
of the balance-beam t pe having a capacity of 200 kips. Load

w:s continuously applied tc failure nt a cross-hecad speed of
0.033 inch per minute. The beam wius kept in balance by the
operator who called out the load «t selected interv:ils previously
deterrmined by the nnticipated maximum load. The load registered
4t the instant the beam dropped wis taken as the ultimate load,
and the ultimate stress was then computed by dividing this load
by the previously determined arca.

The following particulars are significant in the test set-up.
Mill-faced loading blocks were made and secured to the upper

and lower loading platforms of the testing machine. To insure
uniform distribution of the load across the edge of the specimen,
the loading platforms were brought close together and the space
between them checked with feeler gages and adjusted with shims
until the faces were parallel throughout their surface areas
Clamped loaded-edge condition was provided by means of a pair of
accurately machined steel wedges at each loaded edge. The
operator adjusted the wedges with reference to guide lines
etched into the loading blocks (Figure 4) to center the specimen
and to place the loaded axis perpendicular to the face of the
blocks.

Stress-strain monitoring was done with a compressometer specially
designed for this purpose (Figure 4). The compressometer cali-
bration is discussed in detail in Appendix I. Readings were
tzken from Baldwin SR-4 strain gage rcader console at the
increments of load called out by the machine cperator and later
converted to strain by dividing by the compressometer constant.
Otress-strain data were taken on one-half of the specimens tested.

Figure 6 illustrates the two basic failure modes encountered in
these tests. The specimen on the left shows a clean fracture of
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Figure 4. Sandwich Panel Edgewise Compression Test Apparatus: A, head plate
showing guide lines for centering; B, sliding wedge grips; C, sandwich panel

compressometer; D, needle points (2 per side) for following compression strain;
E, strain gauge flexure strip.




FRAMES |

Figure 5. Typical Sandwich Panel Edgewise Compression Test Set-Up: A, strain
gauge flexure strip; B, sandwich specimen; C, sandwich specimen compressoneter;
D, lower wedge grips. r
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the f:icing occurring o oo or both sides of the pnel. The
typicil rupture p:'th was alonyg the cell walls rather than ncross
the cell openings. The specimen on the right shows a partinl
rupture of the fucing accomprnied by core-to-facing bond sepura-
tion--portion of facing.

Plite shear tests were ulso performed for the single-step
sundwich panels. The sandwich modulus was the nnly property
reported in that in the majority of cuses the specimen broke
free from the stecl plates (Figure 7) before the ultimate
strength of the sandwich was reached. The formulas given in
MIL-STD-LO1A were used for computution of the moduli.

The nominally sized 2- by 6-inch test specimens were carefully
measured to the nearest 0.01 inch with a steel scale. The
thickness was measured with a micrometer.

The MIL-STD-LO1A test procedure was followed. An Ames dial
indicator graduated in ten thousandths was attached to one of
the steecl pliutes of the test fixture so that the plunger was
brought into perpendicular contact with an anvil mounted on the
other steel plate (Figure 8). Readings taken from the dial
gave o true measure of the relative motion of the two facings of
the pancl. The specimens were preloaded twice to 20 percent

of their ultimate load to eliminate the initial and secondary
moduli. The dial indicutor was then set at zero while a load
of 200 pounds was held momentarily on the specimen.

Part of the specimens were tested on a Model TEG Baldwin testing
machine of capacity 100,000 pounds and cross-head speed of 0.050
inch per minute. On this machine one operator monitored the
dinl indicator and recorded the readings corresponding to the
increments of load called out by the machine operator.

The remainder of the specimens was tested on an Instron testing
michine model TTC M1-6 with & cupacity of 10,000 pounds. The
same test fixtures. preliminory loading technique, and loading
speed were used 1s before. This machine was equipped with an
X-Y chart recorder and was operated by one man. The curve
plotted by the recorder was load versus cross-hiead movement, und
n specific load could be marked or blipped by pressing a button
on the machine console. Hence one man could mark the load and
read the dial gage at the same time. Readings were taken at
every 0.0010 inch of deformation.

Failure usuclly occurred at the facing-to-core bond when the
specimen-to-steel plate bond strength was sufficient to 2llow
development of the sandwich ultimate strength. In rare cases,
failure was due to a catastrophic rupture of the core-cell walls.



Figure 7. Test Set-Up for Sandwich Plate Shear Test
Showing Specimen Installation.



Figure 8. Test Set-Up for Plate Shear Test of Sandwich
Shear Modulus Showing Test Cpecimen and Dial Gauge
Arrangement for Meacuring Deformation.



Bare Laminates

To perform the laminate compression tests, it was necessary to
design a fixture to prevent buckling of the thin specimens. An
excellent design was achieved possessing the following features:
firm support of the specimens zgainst buckling with freedom
enough to permit uniform distribution of load throughout its
length, jaw shape to permit compressometer installation for
strain measurement, and quick loading and releasing action to
accommodate large volume testing. Figures 9 and 10 show these
essential details.

After grinding, the nominally sized compression and tension
specimens were measured by a random sampling of the entire group
fabricated under the same conditions. Length and width measure-
ments were taken with a caliper celibrated in thousandths of =n
inch. Thickness measurements were made for each individunl
specimen (after testing) one-hzlf inch on either side of the
rupture, and the two readings averaged for use in the calculation
of the failure cross-section area.

The test fixture was essentially a jig with two slotted Jjaws
clamped about the specimen by the action of two cams. Horizontal
slots 1/8 inch wide were cut into the jaws with 1/8-inch specing
between the slots; yet preliminary testing indic:ted the existence
of an appreciable =mount of friction between the jaws and the
lominate. This indicated the need for a lubricant. Finely ground
molybdenum disulphide prepared under the trade name of Molykote Z
was found to be the best product for this purpose. Lubricant was
applied by dipping each specimen into a contziner of Molykote and
then rubbing the laminate by hand until uniformly coated. The
specimen was then inserted between the fixture Jjaws, and the cams
were turned down "finger tight". This developed a friction=zl
force between the laminate and the jaws of about 5 pounds which
was considered negligible.

The previously described Baldwin testing maechine wes also used
for the laminate tests. The fixture with the test specimen
installed was placed on the milled surface of the testing machine
with the top of the specimen fitted into a tapered slot in the
upper loading head. The specimen was then vertically aligned,
and a wedge was inserted into the upper slot to provide a fixed-
end condition during loading. The load was applied at the rate
of 0.050 inch per minute to failure, and the stress was computed
using the ultimate load. B, C, D, and E in Figure 2 typify the
failures that occurred.

One fourth of the compression specimens in each group were tested

for modulus. A Baldwin-Weidemann B-3M extensometer (Figure 11)
was used as a compressometer to record load-deformation data.
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Figure 9. Thin-Laminate C
Quick-Release Cams.

ompression Fixture Showing
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Figure 10. Thin-Laminate Compression Test Apparatus:
with specimen inserted; B, Baldwin-Wiedem
strain during modulus testing.

A, compression fixture
ann compressometer used to monitor
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Figure 11. Test Set-Up for Compression Test of Thin
Laminates Showing the Specimen and the Compressometer
Installation. Pointer A identifies the wedge grip

securing the specimen in a fixed-end condition during
loading.
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The knife edges on the extensometer were placed in contact with
the edges of the modulus specimen that extended 1/8 inch beyond
either side of the fixture--1/8 inch was the minimum required

to clear the fixture. Thus with the deformation of the specimen
controlling the chart speed of the X-Y recorder. and the load
indicator of the testing machine controlling the recorder pen,

a graph of load versus deformation was produced. Only a portion
of the curve was obtained in that the instrument was removed at
T5 percent load to prevent damage. The modulus was computed
from the slope of this graph and the appropriate constants.

The tension ultimate strength znd modulus for the laminates were
obtained on the same Baldwin machine. The test coupons were
placed in Templin grips with self-adjusting jaws (Figure 12),
and the grips were attached to the loading heads with bolts
resting on cylindrical seats to assure true alignment. The

same extensometer used in the compression tests was clamped to
the edges of the specimen with the knife edges being equidistant
from the specimen notches. Again the load was only carried to
TS5 percent of ultimate and the load-deformation graph was used
to obtain the modulus. D in Figure 3 shows the type of failure
experienced.

Core-to-Facing Bond

Core-to-facing bond strength was obtained by testing 1l- by l-inch
specimens of the sandwich in flatwise tension. The specimens
were cut to size to within 0.01 inch so that the ultimate load
was taken directly as the ultimate stress. The procedure outlined
in MIL-STD-401A was followed in these tests. The bonded aluminum
blocks and specimen were placed in the Instron testing machine

as shown in Figure 1li. The load was applied at the rate of 0.050
inch per minute to failure. Values were not recorded unless

the desired core-to-facing bond failure occurred.
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Figuse 129, TRest (et-Up for Tension Test f Thikn
Laminates JShowing the Opecimen Positioned in the Termplin
Grips. The pointers identif; the influencced center
section of the cpecimen.



Figure 13. Test Set-Up for Tension Test of Thin Laminates
Showing the Specimen ond the Baldwin-Wiedemann Extencometer

Installation.




Figure 14. Test Set-Up for Flatwise Tension Test of
Core-to-Facing Bond Strength.
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EXPERIMENTAL RESULTS

The test results are tabulated in Tables 5 through 22 located in Appendix
II. The calculated data and plotted data used in the evaluation of the
results are also presented in this section.

TABLE 1

PLATE SHEAR MODULI

Direction Average Sandwich Core Shear
of Loading Shear Modulus, psi Modulus, psi*
Perpendicular

to core ribbon 9,500 10,200
Parallel to

core ribbon 23,900 -

*As published by Douglas Aircraft Company, Inc.

hSm—
e——
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TABLE 2
SINGLE-STEP SANDWICH
OPTIMUM STRENGTH PROPERTIES

Ovtimum Strength
Lay-Up Molding Value (psi)
Vet 160°F 32, 400"
30 psi
10-hr. B-stage 160°F 34,300
30 psi

lDa.’c.za. missing; this data (at 200°F) used in approximation.

TABLE 3
BARE LAMINATE
OPTIMUM STRENGTH PROPERTIES
Optimum - otrength
Molding Value
Strength o 3 >
Property 60 min. 90 min. 60 min, 90 min,3
Compressive - 160°F - by 4
Ultimate 0 psi
180°F T “L2.7 33T
30 psi lg psi
Compréessive - 230°F - 4,17

lModulus TO psi
TUF_EF‘E") 0 300F ~ 3.75 3.01

i T0 psi TO psi L
Tensile - 2300F - 58.7

Ultimate 0 psi
_UF"‘—"—LE230 2000F STl ~ 58.9

7O psi 70 psi
Tensile ~ 2300F - i
Modulus 13 psi
2_"’17_'46230 2000F T e.es ~2.79
TO psi TO psi

lStress in psi x 10'3 and modulus in psi x 10'6. Upper value is for wet
lay-up and lower for 10-hr. B-staged lay-up.

2™vo hour post-cure data.

3pata averaged over post-cure times,

kpata missing, this data (at 200°F) used in approximation.
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TABLE 4

ADHESIVE STUDY SUMMARY

Core Material

Adhesive System

and Size Facing Resin, 828-2 AF-110B EC-1595 A-12
"Aircomb’ Paper Wet Lay-up
125-35-20 Average: 300 psi
0.42" cell Cure: 160 F, 30 psi
3/4" thick - - 1
10 hr. B-staged Peak: 800 psi
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